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Abstract 
This paper presents the results of a series of large-scale cyclic triaxial tests conducted on ballast 
subjected to increased load and frequency of loading. For a given loading, the laboratory test data 
demonstrate that the resilient modulus of ballast is influenced by the frequency of loading. Both strain 
hardening and strain softening can be observed in response to increasing magnitude of load and 
frequency. A correlation between the resilient modulus and bulk stress is introduced to describe both the 
strain-hardening and strain-softening behaviour of ballast under different frequencies. A good 
corroboration between the cyclic stress ratio and the accumulated permanent strain and the resilient 
strain is demonstrated. 
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This paper presents the results of a series of large-scale cyclic triaxial tests conducted on ballast subjected to 
increased load and frequency of loading. For a given loading, the laboratory test data demonstrate that the 
resilient modulus of ballast is influenced by the frequency of loading. Both strain hardening and strain softening 
can be observed in response to increasing magnitude of load and frequency. A correlation between the resilient 
modulus and bulk stress is introduced to describe both the strain hardening and strain softening behaviour of 
ballast under different frequencies. A good corroboration between the cyclic stress ratio and the accumulated 
permanent strain and the resilient strain is demonstrated. 
KEYWORDS: Laboratory tests, Particle crushing/crushability; Rocks/rock mechanics; Repeated loading; 
Stress analysis 
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The demand on railway operators to increase axle loads on freight rail lines is growing 
constantly, but trains operating at greater axle loads can damage and misalign tracks more 
regularly, thus requiring more frequent maintenance. For instance, the longest and heaviest 
train in Western Australia had a gross weight of nearly 100,000 tonnes and a length 
exceeding 7 km with as many as 682 wagons hauled by eight locomotives (Railway Gazette, 
2001). The effect that the magnitude of the cyclic load (qmax,cyc), the confining pressure (σ3′) 
and load frequency (f) has on the accumulative plastic deformation of granular materials has 
been studied in the past (Raymond and Williams, 1978; Indraratna et al., 2014; 2017; Suiker 
and de Borst, 2003; Werkmeister et al., 2004; Lackenby et al., 2007; Thakur et al., 2013; Sun 
et al., 2014; 2016; D’Angelo et al., 2017). Englund (2011) carried out cyclic triaxial tests 
with an increasing deviator load on unbound road material, and also studied the permanent 
deformation by evaluating the elastic modulus. In this regard, a relationship between the 
stress hardening behaviour parameters k1 and k2 of the k− model was proposed so that the 
resilient modulus of granular materials and bulk stress can then be determined accordingly. 
Discrete element method (DEM) has been increasingly used to study mechanical behaviour 
of railway ballast (Quezada et al. 2012; Ngo et al. 2014; Ferellec et al. 2017), among others. 
Triaxial samples of ballast with various deviatoric stresses have been modelled using clumps 
of spheres using the DEM following Lu and McDowell (2010), and these numerical results 
were then compared to existing experimental data taken from Lackenby et al. (2007). It is 
shown that the clumps are able to capture the behaviour of ballast under various deviatoric 
stress levels. Suiker and de Borst (2003) developed an advanced ballast constitutive model to 
consider the ‘frictional sliding’ and ‘volumetric compaction’ of ballast during cyclic loading. 
However, there are 16 parameters and some of them do not have physical meanings, which is 
not convenient for practical engineers. Lekarp et al. (2000) summarized the computational 
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modelling of permanent strain for aggregates with respect to number of load applications, 
stress condition and shakedown approach. None of the methods relates permanent strain with 
resilient strain and stresses. 
Field tests indicate that track modulus decreases by about 10%-20% when the train speed 
increases from 100 km/h to 300 km/h (Priest and Powrie, 2009; Lamas-Lopez et al., 2017), 
and it increases as the axle load increases (Vorster and Grabe, 2013). However, none of these 
studies had considered if the accumulative permanent strain could be expected in the long 
term due to the reduction in the resilient modulus with increasing speed. The track resilience 
is primarily provided by the ballast layer and rail pads (Esveld, 2001). Hence, the effect that 
increasing the load and frequency has on the ballast resilience including its potential 
correlation with accumulative permanent deformation is presented in this paper. 
LABORATORY PROCEDURE 
The ballast tested in this study is latite basalt (igneous) which is commonly quarried and used 
by the railway industries in the state of New South Wales, Australia. The physical and 
durability attributes of this latite basalt are given by Indraratna et al. (1998). The specimens 
were prepared based on the current industry practices, following the Australian Standards 
(1996) (e.g. dmin=16 mm, dmax=53 mm, d50=39.5 mm, Cu=1.53, e0=0.76). Given that ballast 
types and sizes (gradations) are different in other countries, which is a limitation of this 
study. For instance, the authors are aware that ballast gradations used in Europe are usually 
larger than the Australian Standards (i.e. higher median particle size, d50). The ballast was 
sieved, washed, mixed and then place inside a rubber membrane in three separate layers. A 
cylindrical rubber membrane (6 mm thick) was used to confine the ballast assembly, and it 
was thick enough to resist puncturing during the process of shearing. Membrane correction 
was applied following the methods adopted earlier by Lackenby et al (2007) and Sun et al 
(2016) extending the ASTM guidelines (ASTM 2002), in which an additional 10 kPa was 
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added to the cyclic deviator stress. An initial density of 1530 kg/m
3
 was achieved by manual 
compaction of each specimen to simulate the typical field density attained by vibratory 
tamping of heavy haul tracks in most states of Australia (relative density = 42%). A large-
scale triaxial apparatus (300 mm diameter × 600 mm height) was used to conduct drained 
tests on ballast specimens. To examine how increasing the axle loads would affect ballast 
deformation, the samples were subjected to an initial qmax,cyc of 87.5 kPa, and then a cyclic 
loading was applied up to 10,000 cycles. Subsequently, qmax,cyc was gradually increased in a 
stepwise fashion as shown in Fig. 1(a) until the failure of specimen (εa > 0.25). Two tests 
were conducted with the loading procedure at frequency f = 5 Hz and 30 Hz, respectively; 
during the tests, σ3′ remained constant at 30 kPa. It is acknowledged that the application of a 
constant confining pressure may not strictly mimic the exact field stress variations, but given 
that the ballast is subjected to relatively small confining pressures within a shallow assembly 
of granular medium in real tracks, the results of these tests are still acceptable albeit not 
perfect. 
In order to study the effect of the increased speeds on ballast deformation, three additional 
tests were conducted with σ3′ varying from 10 kPa to 60 kPa at the same qmax,cyc of 230 kPa. 
The ballast samples were subjected to an initial f of 6 Hz for 20,000 cycles, and then f was 
gradually increased to 30 Hz as shown in Fig. 2(a). The testing sequence is summarized in 
Table 1. In Australia, a typical heavy haul freight train has multiple axles that impart 
independent load cycles. As the axle distance is significantly smaller than the bogie distance, 
the two rear axles of a leading wagon and two front axles of a trailing wagon generate the 
maximum frequency. The load frequency is expressed as f=V/L, where L is the characteristic 
length between the closest sets of axles and V is train speed. The two rear axles of a leading 
wagon and two front axles of a trailing wagon generate the maximum frequency (Indraratna 
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et al. 2014). Therefore, considering a characteristic length of 2.02 m between these two axles, 
the corresponding frequency f is obtained as 0.138V (Sun et al. 2016). The value of f was 
varied from 6 to 30 Hz to represent a range of train speeds, 43- 217 km/h. The lateral 
confinement of track is provided by combined effects of angular particle interlocking, 
residual compaction, mobilized ballast-sleeper shear stresses, passive sleeper resistance, and 
the height of the compacted shoulder and crib ballast (Lackenby et al., 2007; Le Pen and 
Powrie, 2011). Field studies of typical Australian tracks have indicated that the lateral 
confinement provided by the sleepers, shoulder, and crib ballast rarely exceeds 60 kPa 
(Indraratna et al., 2010; 2016); so the test samples were subjected to confining pressures of 
10 kPa, 30 kPa and 60 kPa. It is also noted that the load levels selected in this study are in 
agreement with large-scale laboratory tests conducted by Le Pen (2008), Krylov et al. (2000) 
and Harkness et al. (2016). Permanent deformation was recorded every second and data 
bursts (i.e. temporary high-speed data transmission mode used to facilitate sequential data 
transfer at a sampling frequency=1000 Hz) were implemented at specific cycles to examine 
the resilient behaviour of ballast. The permanent axial deformation was measured using a 
position sensor (i.e. displacement transducer) installed inside the actuator. A volume change 
device was utilised to measure the specimen volumetric strain as described by Sun et al. 
(2016). A linear variable differential transformer (LVDT) was used to measure the piston 
movement responding to water entering the specimen (dilating) or leaving the specimen 
(compressing). 
EXPERIMENTAL RESUTLS AND DISCUSSION 
Influence of an increases in axle loads 
Figure 1 shows the accumulative permanent strains (εa and εv) and the resilient strain (εa,rec) 
for qmax,cyc varying from 87.5-550 kPa, subjected to frequencies of f=5 and 30 Hz. Resilient 
strain (εa,rec) is defined as the recoverable portion of axial strain during triaxial unloading 
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(Lackenby et al. 2007). Note that in Fig. 1(b) the εa of the ballast samples exhibits three 
separate permanent states as the qmax,cyc increases, namely, plastic shakedown, ratcheting, and 
frictional failure. Plastic shakedown is characterised by a steady-state response with a small 
accumulation of plastic strain; a ratcheting response is one that shows a constant 
accumulation of plastic strain, and plastic collapse is where the plastic strains accumulate 
rapidly and failure occurs in a relatively short time. More detailed information about the 
definitions and interpretations of difference phases of behaviour can be found in Sun et al. 
(2014). When qmax,cyc is relatively high, frictional failure is evident within a relatively low 
number of load cycles, e.g. qmax,cyc ≥ 385kPa in load step 8 and qmax,cyc ≥ 555 kPa in load step 
12 where f = 30 Hz and 5 Hz, respectively. Note that the phase of εa depends on qmax,cyc and is 
also influenced by f. A range of the values of stress ratio (q/p′)max (or equivalent friction 
angle, φ′) can be determined when εa changes from one phase to another. For example, with 
f=5 Hz, for (q/p′)max ≤ 2.55, plastic shakedown and ratcheting can be seen, but there appears 
to be frictional failure occurring at a higher (q/p′)max (e.g. ≥ 2.58). Therefore, a stress ratio of 
about 2.55-2.58 (or  3.5  ≤ φ′ ≤   .5  ) is the best possible limit stress ratio, because, above 
this value there is a risk of track instability. Based on these results, the possible limit stress 
ratio is 2.38-2.43 (or 58.5  ≤ φ′ ≤   .5  ) for f=30 Hz. The test data indicates that the values of 
φ′ decrease with the increase in f. Moreover, the values of φ′ is higher than the friction angle 
obtained by static tests  around  8  -5   ), which means that under cyclic conditions, the test 
specimens are able to sustain significantly greater deviator stress magnitudes than statically 
loaded specimens. This observation is also in agreement with Lackenby et al. (2007) and Sun 
et al. (2016). In Fig. 1(d), it can be seen that εa,rec increases as qmax,cyc increases. However, for 
a given value of qmax,cyc, a higher value of f leads to a larger εa,rec, which could be attributed to 
the inherent stiffness of ballast. Higher frequency vibration produces a less stiff sample 
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leading to a larger deformation compared with that at a lower frequency. This effect seems to 
be more profound with a higher qmax,cyc. 
Influence of increased frequency 
Figure 2 presents the deformation of ballast subjected to various frequencies of f=6-30 Hz 
(Fig. 2a) under three different confining pressures of σ3′=10, 30 and 60 kPa. It is seen that at a 
low confining pressure (e.g. σ3′ = 10 kPa), a critical frequency range is observed around 12 
Hz to 18 Hz above which the axial strain εa transforms from plastic shakedown to a ratcheting 
state (Fig. 2b). However, at a higher σ3′, the critical frequency is also elevated, e.g. f increases 
from 18 Hz to 24 Hz, and 24 Hz to 30 Hz, at σ3′=30 kPa and 60 kPa, respectively. This 
indicates that a strategically increased confinement on tracks catering for higher speeds is 
most appropriate. The enhancement of the lateral track confinement can be achieved by 
methods suggested by Lackenby et al. (2007), namely, (i) increasing the degree of particle 
interlock hence friction angle, (ii) using restraints at the shoulders to prevent lateral ballast 
flow or geogrids at the ballast/capping interface, (iii) using winged-shape precast concrete 
sleepers and (iv) increasing the shoulder height plus greater compaction of the shoulder and 
crib ballast. Furthermore, there is a rapid development of εa whenever f increases beyond the 
critical frequency. Fig. 2(c) shows the evolution of εv (compression is positive) at various 
values of f and σ3′. At a relatively low level of f  ≤12 Hz), the specimen experiences overall 
volumetric dilation when σ3′ is also relatively low (σ3′=10 kPa). Moreover, an increase in 
frequency will produce greater densification. Laboratory test data carried out earlier by Sun et 
al. (2016) with f=5 Hz was added in Figs. 2(b&c), and it shows that when the number of load 
cycles increases, the axial strain and volumetric strain tend to stabilize. As shown in Fig. 2b, 
the jumps in behaviour observed in this study are frequency dependent. 
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It is observed from Fig. 2(d) that an increase in f has a marginal effect on the resiliency of 
ballast when the f is less than the critical value. However, as the specimens experience a 
higher f, there is a considerable increase in εa,rec, but it gradually decreases with each 
successive cycle embracing the concept of strain softening. In a strain softening state, a 
higher confinement minimises the resilient deformation more efficiently than at a lower 
confinement. 
 
The resilient modulus of ballast 
The resilient modulus (MR) is the ratio of the applied deviator stress (qcyc) to εa,rec (Seed et al., 
1962): 
   
    
      
                                                                                                                               (1) 
MR is stress-dependent, in accordance with the non-linear behaviour of ballast as described by 
Indraratna et al. (2009). Stress dependency is analysed by evaluating MR at different bulk 
stresses (θ=σ1′+ σ2′+ σ3′). It is noted that the bulk stress,  is not commonly used in 
conventional soil mechanics, but it has been used more commonly in pavement engineering 
and transportation geotechnics in recent times. For highly angular and unbound aggregates 
used in this study (i.e. latite basalt), the bulk stress is used to describe a hyperbolic 
relationship with the resilient modulus MR (Indraratna et al. 2009; Hicks, 1970; Englund, 
2011). This relationship has the added benefit of considering stresses applied on all sides of a 
prismoidal ballast specimen during shearing, facilitating a simple but realistic back-
calculation of the resilient modulus of ballast under a given 3D stress state. In Fig. 3(a), at a 
frequency of 5Hz, MR increases with an increase of θ from step 1 to 10, corresponding to 
plastic deformation that consists of plastic shakedown and ratcheting. However, as the load 
further increases to step 12, the magnitude of MR decreases due to frictional failure in the 
Downloaded by [ University Of Wollongong] on [25/09/18]. Copyright © ICE Publishing, all rights reserved.
Accepted manuscript doi: 
10.1680/jgeot.17.p.302 
 
ballast sample. In fact, particle reorientation is the most probable reason for plastic 
deformation accumulating at the initial stages of load application, followed by plastic 
shakedown where particle contacts are established, and these contact areas are deformed 
elastically. However, at a higher stress level, the increased contact area and the creation of 
new contacts between particles decrease the freedom of ballast aggregates to deform 
elastically, which is strain hardening. As frictional failure occurs and significant particle 
sliding and rotation results in a more open structure causing a larger elastic strain indicating 
strain softening. 
At very high frequency (f=30 Hz), the ballast specimen experiences strain hardening within 
the first two load steps corresponding to plastic shakedown. It is noteworthy that MR 
decreases in step 3 and remains almost constant afterward even though θ is increasing, which 
is strain softening attributed to high frequency vibration. Given the same load level and 
higher frequency, more extensive particle sliding and rolling can occur in response to the 
higher vibration, and this may then result in less particle contacts, hence a higher pressure 
being transmitted to each contact. Individual elastic contact areas receive more deformation, 
which in turn results in the sample having a higher resilient strain, e.g. εa,rec=0.0015 and 
0.00044 at load step 3 for f=30 Hz and 5 Hz, respectively. Moreover, the ballast sample 
subjected to a higher f shows a smaller MR (strain softening) due to increased frequency and 
vibration, e.g. MR=89.5 MPa at f=30 Hz compared to MR=292 MPa at f=5Hz at load step 3. 
Strain softening attributed to high frequency vibration is also evident by the test data shown 
in Fig. 3(b). When the frequency is below the critical level, there appears to be a stable state. 
For example, when σ3′=60 kPa, with an increase in f, the change of MR is insignificant during 
steps 1-4, but the decrease in MR is certainly significant when the frequency reaches 30 Hz in 
step 5. Similar patterns can also be seen for σ3′=30 kPa. 
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Correlation of resilient and permanent deformation 
The values of εa and εa,rec at the last loading cycle of each load step follow a similar trend 
when the ratio of εa/εa,rec is plotted against the maximum shear stress ratio (qmax,cyc/p′max,cyc), as 
shown in Figure 4. This relationship can then be described by: 
  
      
      (         
 
       ⁄ )                                                                                   (2) 
where, a and b are regression parameters that need to be determined in advance empirically; 
and p′max,cyc is the maximum effective mean stress. 
The resilient modulus of granular materials can be expressed by a simple hyperbolic model as 
a function of the bulk stress, θ (Hicks, 1970): 
      
                                                                                                                               (3) 
where, k1 and k2 are empirical coefficients. 
Figure 5 shows the variation of MR with varied f and compares with data conducted earlier by 
Lackenby et al (2007) at a given f=20 Hz. It is found that these results are close to those 
conducted under f=5 Hz in this study. The difference can be justified due to increased load 
and frequency, ballast particle gradations and initial void ratio used in the current study 
slightly differed from those tested by Lackenby et al. (2007). It is seen that the hyperbolic 
model (Equation 3) can capture the resilient modulus, MR of ballast under varied frequencies 
and loading magnitudes. Equations (1, 2 and 3) can be used to estimate the resilient response 
and the permanent track deformation for a given cyclic loading and frequency. For example, 
an Australian standard gauge track with 25t axle load (qmax,cyc=230 kPa) operating at 220 
km/h (f=30 Hz) often has a designed track confinement of less than 30 kPa. With θ=420 kPa 
and f=30 Hz, the ballast layer will experience strain softening and ratcheting, according to 
Fig. 5 and 1(b), therefore k1=4.10 and k2=0.55 are chosen to calculate the value of MR 
(=113.65 MPa) using Equation (3). Equation (1) is then used to estimate the resilient 
Downloaded by [ University Of Wollongong] on [25/09/18]. Copyright © ICE Publishing, all rights reserved.
Accepted manuscript doi: 
10.1680/jgeot.17.p.302 
 
deformation of the track (εa,rec=0.002). Once εa,rec is known, Equation (2) can be used to 
calculate the permanent deformation, i.e. εa= 0.076 in this case. Furthermore, Equations (2) 
and 3 have also been used for plotting the test data available for other aggregates as 
conducted by Englund (2011) in Figs. 4 and 5. The plotted data indicate that these Equations 
are applicable to other independent data sets in terms of estimating the resilient modulus of 




On the basis of this study it can be concluded that distinct permanent deformation 
mechanisms exist according to the stress ratio (q/p′)max and frequency of loading f. When 
(q/p′)max exceeds a critical value, frictional failure is promoted, e.g. (q/p′)max ≥ 2.58 and 2.43 
for f=5 Hz and 30 Hz, respectively. At low frequency levels (f≤ 5Hz), ballast experiences 
strain hardening that corresponds to plastic shakedown, followed by ratcheting. However, the 
same sample can subsequently undergo strain softening at increased strains when 
approaching frictional failure. Based on latite basalt aggregates tested under specific loading 
conditions employed in this study, it was concluded that when f exceeds the critical frequency 
(18-24 Hz for σ3′=30 kPa and 24-30 Hz for σ3′=60 kPa, respectively), strain softening may 
erase hardening and cause no further increase in resilient modulus even though the load 
increases. The results confirmed that a greater confining pressure would help in reducing the 
resilient deformation under strain softening. An empirical relationship (i.e. hyperbolic model) 
of MR=k1θ
k2
 was introduced for predicting the resilient modulus of ballast under different 
frequencies and loading magnitudes. The empirical expressions derived for MR and cyclic 
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strain ratio εa/εa,rec can then be conveniently used by practising engineers in ballasted track 
analysis. 
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NOTATION 
a, b                     regression parameters 
dmin                           minimum  ballast particle size 
dmax       maximum ballast particle size 
d50                 diameter in millimetres at which 50% by weight passes through the sieve 
Cu       coefficient of uniform 
e0       initial void ratio of ballast 
f                          load frequency 
k1, k2                   empirical coefficients 
MR                       resilient modulus 
N                         number of load cycles 
p′                          effective mean stress 
p′max,cyc                 maximum effective mean stress 
(q/p′)max                stress ratio 
q                          deviator stress 
qcyc                      cyclic deviator stress 
qmax,cyc                  magnitude of the cyclic load 
qmax,cyc/p′max,cyc      maximum cyclic shear stress ratio 
εa/εa,rec                      cyclic strain ratio 
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εa                         accumulative permanent axle strain 
εa,rec                     resilient strain 
εv                         accumulative permanent volumetric strain 
θ                          bulk stress (=σ1′+σ2′+ σ3′) 
σ1′, σ2′                 first and second principle stress 
σ3′                        confining pressure 
φ′                         equivalent friction angle 
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Table 1 Summary of triaxial tests 











Test number 2 30 30 
Test number 3 10 230 f increase of 6 
Hz/interval; 20000 
cycles/interval 
Test number 4 30 230 
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Fig. 1. Deformation of ballast with an increase in deviator stress: (a) stepwise load; (b) 
permanent axial strain, (c) permanent volumetric strain, and (d) resilient strain 
Fig. 2. Deformation of ballast with an increase in frequency: (a) stepwise frequency; (b) 
permanent axial strain, (c) permanent volumetric strain, and (d) resilient strain 
Fig. 3. Resilient modulus of ballast (a) resilient modulus with an increase in deviator stress, 
and (b) resilient modulus with an increase in frequency 
Fig. 4. Variations of the cyclic strain ratio (εa/εa,rac) with cyclic stress ratio (qmax,cyc/p′max,cyc) at 
any given number of load cycles with different frequencies 
Fig. 5. Relationship between resilient modulus and bulk stress 
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